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DFKLHYH KLJKHU UHPRYDO UDWHV EXW UHVXOW LQ DQ LQIHULRU VXUIDFH LQWHJULW\ DQG DFFXUDF\ >@ /DVHU DEODWLRQ VWXGLHV
ZLWKLQ WKH QDQRVHFRQG UDQJH KDYH EHHQ FRQGXFWHG E\ &DPSDQHOOL HW DO WR GHWHUPLQH WKH LQIOXHQFH RQ VXUIDFH
LQWHJULW\VKRZLQJWKDWGHIRFXVLQJDQGKLJKHUUHSHWLWLRQUDWHVDVZHOODVSRZHUVLPSURYHPDWHULDODFFXUDF\>@
'HSHQGLQJRQWKHSXOVHGXUDWLRQSXOVHGODVHUVLQWHUDFWGLIIHUHQWZLWKWKHZRUNSLHFHPDWHULDO([SHULPHQWVKDYH
EHHQFRQGXFWHGE\<DRVKRZLQJWKDWSXOVHGXUDWLRQVKDYHDJUHDWHIIHFWRQWKHPHOWLQJUHVLGXHV>@7KUHHGLIIHUHQW
W\SHVRIDEODWLRQFKDUDFWHULVWLFVDUHLGHQWLILHGVXFKDVFROGDEODWLRQZDUPDEODWLRQDQGPHOWH[SXOVLRQGHSHQGLQJRQ
WKHSXOVHGXUDWLRQDQGLQWHQVLW\RIWKHODVHUEHDP>@7KHVHHIIHFWVDUHFDXVHGE\WKHGLIIHUHQFHVLQVWLPXODWLRQWLPH
RIWKHSXOVHZLWKWKHPDWHULDOUHVSHFWLYHO\WKHSKRQRQV\VWHP>@
'XULQJWKHQDQRVHFRQGSXOVHGODVHUDEODWLRQSURFHVVWKHLQWHUDFWLRQRIEHDPFDXVHVHQHUJ\FRQVXPSWLRQDQGKHDW
WUDQVIHU ZLWKLQ WKH PDWHULDO >@ 7KH SXOVH GXUDWLRQ WLPH IRU HQHUJ\ FRQVXPSWLRQ DQG WKH WKHUPDOLVDWLRQ RI WKH
HOHFWURQVDQGSKRQRQV\VWHPLVORQJDQGKLJKHQRXJKZKLFKWUDQVIHUVDORWRIKHDWLQWRWKHPDWHULDO>@)XUWKHUKHDW
DFFXPXODWLRQFDQGHULYHIURPKLJKHUSXOVHRYHUODSSLQJZKLFKFDXVHVWKHUPDOH[SDQVLRQRIWKHPDWHULDO7KLVUHVXOWV
LQZDUP DEODWLRQRU DOVRPHOWLQJ RI WKHPDWHULDO >@$Q LQFUHDVH LQ VXUIDFH WHPSHUDWXUH RI WKH WDUJHWHGPDWHULDO
UHVXOWV LQ H[SXOVLYH HMHFWLRQ RI OLTXLG PHOWV DQG GURSOHWV 7KH SXOVH RYHUODS PO LV GHVFULEHG DV D IXQFWLRQ RI
IUHTXHQF\frepEHDPGLDPHWHUdfDQGODVHUVFDQQLQJVSHHGvs>@
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5HVXOWV
4.1. Hole depth and diameter analysis 
,Q)LJWKHHIIHFWRIGLIIHUHQWIRFDOSRVLWLRQVRQWKHKROHGHSWKLVPHDVXUHG7KHKROHGHSWKLQFUHDVHVFRQVWDQWO\
ZLWKDGHSWKUDWHRIDSSUR[LPDWHO\PDIWHUHDFKSXOVH)RUWKHSUHVHQWSDUDPHWHUVLQ)LJRQHSXOVHKDVDSXOVH
HQHUJ\ RI P- $IWHU  SXOVHV P- D VWURQJHU LQFUHDVH LQ KROH GHSWK LV REVHUYHG IRU WKH IRFDO SRVLWLRQ
ǻz PP 7KH GHYLDWLRQ YDOXHV LQFUHDVHZLWK ELJJHU KROH GHSWK 7KXV QR VLJQLILFDQW GLIIHUHQFHV RI WKH KROH
GHSWKYDOXHVDUHREVHUYHG

)LJ,QIOXHQFHRIWKHDSSOLFDWHGHQHUJ\DQGIRFDOSRVLWLRQRQWKHKROHGHSWK
$GGLWLRQDOO\LQ)LJWKHGHYHORSPHQWRIWKHGLDPHWHUIRUHDFKKROHLVPHDVXUHG,QDOOFDVHVWKHKROHGLDPHWHU
LV LQFUHDVLQJ DIWHU D GHSWK RI P DQG UHDFKHV D PD[LPXP YDOXH DIWHU D GHSWK RI P $IWHUZDUGV QR
VLJQLILFDQWFKDQJHVDUHREWDLQHG

)LJ'HYHORSPHQWRIKROHGLDPHWHUGHSHQGLQJRQWKHKROHGHSWKDQGIRFDOSRVLWLRQ
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4.2. Influence of parameters on removal rate 
,Q)LJWKHPDWHULDOUHPRYDOUDWHLVPHDVXUHGIRUGLIIHUHQWIRFDOSRVLWLRQV7KHGLIIHUHQFHLQPDWHULDOUHPRYDO
UDWH LQFUHDVHV ZLWK FRQWLQXRXV SURFHVVLQJ GHSWK /RZHU IRFDO SRVLWLRQV LQFUHDVH WKH PDWHULDO UHPRYDO UDWH ZLWK
KLJKHUGHSWKV

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7KH PDWHULDO UHPRYDO UDWH LV FDOFXODWHG DQG PHDVXUHG LQ )LJ IRU GLIIHUHQW ODVHU SDUDPHWHUV 7KH PDWHULDO
UHPRYDO UDWH LV FRQVLGHUHG IRU RQH SXOVH WR QHJOHFW WKH LQIOXHQFH RI SODVPD IRUPDWLRQ )RU WKH H[SHULPHQWV WKH
GHYLDWLRQRIWKHUHPRYDOUDWHYDOXHVIRUHDFKSDUDPHWHULVUDWKHUVPDOOZKHUHE\WKHLQIOXHQFHRIWKHUPDOKHDWLQJFDQ
EHQHJOHFWHG7KHPDWHULDOUHPRYDOUDWHUHDFKHVDPD[LPXPDWWKHSXOVHHQHUJ\RIP-7KXVKLJKHVWUHPRYDO
UDWHVDUHFDOFXODWHGDQGPHDVXUHGIRUWKHDYHUDJHSRZHUP :DQGUHSHWLWLRQUDWHfrep N+]

)LJ,QIOXHQFHRISXOVHHQHUJ\RQPDWHULDOUHPRYDOUDWHDIWHURQHSXOVHFRPSDUHGWRDQDO\WLFDOFDOFXODWHGYDSRUL]DWLRQ







PPñPLQ

  P- 
0
DW
HU
LD
OU
HP
RY
DO
U
DW
H
3XOVHHQHUJ\
3DUDPHWHUV 6\PERO
3 :
I N+]
3 :
I N+]
3 :
I N+]
3 :
I N+]
3 :
I N+]
&]RWVFKHU 

ODVHU
SXOVHGXUDWLRQ
VFDQQHU V\VWHP
EDVH PDWHULDO
IRFDO SRVLWLRQ
,3*</3+3
QV
LQWHOOL6FDQ
$O
PP
%,$6,'
58   Tobias Czotscher and Frank Vollertsen /  Physics Procedia  83 ( 2016 )  53 – 61 
)URPWKHDQDO\WLFDOO\GHWHUPLQHGHYDSRUDWLRQDQGWKHH[SHULPHQWDOO\PHDVXUHGPDWHULDOUHPRYDOUDWHWKHDPRXQW
RI WKHPHOWH[SXOVLRQGXULQJ ODVHUDEODWLRQ LVFDOFXODWHGZLWKWKHIRUPXODDQGVKRZQLQ)LJ7KHDPRXQWRI
PHOWH[SXOVLRQVGHFUHDVHVZLWKDKLJKHUIRFDOSRVLWLRQ3ULPDULO\WKLVFDQEHREWDLQHGIRUWKHKLJKHVWSXOVHHQHUJLHV
RI P- 7KXV WKH ORZHVW DPRXQWV RIPHOW H[SXOVLRQV DUHPHDVXUHG IRU P- SXOVH HQHUJ\ DW WKH IRFDO SRVLWLRQ
ǻ] PP

)LJ&DOFXODWHGDPRXQWRIPHOWH[SXOVLRQVSURGXFHGE\GLIIHUHQWODVHUDEODWLRQSDUDPHWHUVDQGIRFDOSRVLWLRQV
4.3. Profile accuracy 
,Q)LJWKHZHEZLGWKDFFXUDF\LVVKRZQGHSHQGLQJRQWKHVFDQQLQJSDUDPHWHUVDQGVWUDWHJLHV7KHZHEZLGWK
DFFXUDF\LVWKHVWDQGDUGGHYLDWLRQRIWHQFDOFXODWHGGLIIHUHQFHVVLRIHDFKPD[LPXPVPD[DQGPLQLPXPVPLQPHDVXUHG
ZHEZLGWK
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)LJ:HEZLGWKDFFXUDF\LQGHSHQGHQFHRIWKHODVHUSDUDPHWHUVSRZHUUHSHWLWLRQUDWHDQGVFDQQLQJVWUDWHJ\
$GGLWLRQDOO\WKHPHVKVWUXFWXUHLVPHWDOOXUJLFDODQDO\VHGIRUGLIIHUHQWSDUDPHWHUVDQGUROOLQJGLUHFWLRQV5'7KH
FURVVVHFWLRQVLQ)LJVKRZZLWKLQWKHERXQGDU\DUHDGLIIHUHQWDPRXQWVRIUHFDVWPDWHULDO+LJKHUUHSHWLWLRQUDWHV
DQGFRQVHTXHQWO\KLJKHUSXOVHRYHUODSVFDXVHWKLFNHUUHFDVWOD\HUVHVSHFLDOO\RQWKHODVHUHQWUDQFHVLGH

)LJ0HWDOOXUJLFDODQDO\VLVRIWKHFURVVVHFWLRQRIWKHPHVK
)LJ VKRZV PHVK VWUXFWXUHV GLUHFWO\ DIWHU SURFHVVLQJ ZLWK GLIIHUHQW ODVHU SDUDPHWHUV 7KH PHVK VWUXFWXUH LV
SURFHVVHGLQVHYHUDOSURFHVVVWHSVIURPWKHERWWRPOHIWIRUHDFKURZXQWLOWKHHQGLVUHDFKHGDWWKHWRSULJKWFRUQHU
7KLVLVSHUIRUPHGXQWLOWKHPHVKLVILQLVKHGRUWKHPHVKLVGHVWUR\HGDIWHUDFHUWDLQDPRXQWRISURFHVVVWHSV+LJKHU
SXOVH RYHUODSV FDXVH PDWHULDO IDLOXUH IURP WKH FHQWUH RI WKH PHVK DV VKRZQ LQ )LJ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GHIRUPDWLRQVZLWKLQ WKHPHVK VWUXFWXUH DUH DOVR REVHUYHG )RU WKH SUHVHQW SDUDPHWHUV WKH EHVWPHVK VWUXFWXUH LV
REWDLQHGIRU:N+]DQGQV


)LJ0HVKVWUXFWXUHVSURFHVVHGZLWKGLIIHUHQWODVHUSDUDPHWHUV
'LVFXVVLRQ
$SRVLWLYHHIIHFWRQZHEZLGWKDFFXUDF\DQGPHOWLQJRIPLFURSDUWV FDQEHFDXVHGE\ ORZHUKHDW LQSXW LQ WKH
PDWHULDO GXULQJ ODVHU DEODWLRQ ,W FDQQRW EH REVHUYHG WKDW WKH DPRXQW RI PHOW H[SXOVLRQ DIIHFWV WKH ZHE ZLGWK
DFFXUDF\6WLOOWKHUHOHYDQFHRIWKHPHOWLQJLVDOVRVKRZQLQWKHPHWDOOXUJLFDODQDO\VLVLQ)LJ7KHHYDSRUDWHGDQG
PROWHQSDUWLFOHVDUHIRXQGUDGLDOO\GLVSHUVHGIURPWKHKROHDUHDRQWRSRIWKHZHEV7KHVHDUHUHFDVWOD\HUVRQWRSRI
WKHPHVK7KHIRFDOSRVLWLRQKDVDSRVLWLYHHIIHFWRQWKHDPRXQWRIPHOWH[SXOVLRQVZKLFKLVSURGXFHGGXULQJODVHU
DEODWLRQLQ)LJ7KLVFDQEHHVSHFLDOO\VHHQIRUWKHIRFDOSRVLWLRQ'] PP
0RUHRYHUWKHPDWHULDOUHPRYDOUDWHLVDIIHFWHGE\WKHFKRVHQUHSHWLWLRQUDWHDQGDYHUDJHSRZHUVHH)LJ7KH
PHDVXUHGPDWHULDO UHPRYDO UDWH FRQVLVWV RI WKH KROH GHSWK DQG WKH GLDPHWHU GHYHORSPHQW VHH)LJ DQG)LJ
'XULQJODVHUSURFHVVLQJDQLQFUHDVHLQPDWHULDOUHPRYDOUDWHFDQEHREVHUYHGGXHWRKHDWLQJHIIHFWVLQWKHPDWHULDO
VHH)LJ:LWKLQWKHREVHUYHGVHWWLQJWKHLQFUHDVHLQGLDPHWHUDQGPDWHULDOUHPRYDOUDWHLVQRWOLQHDUEHFDXVHRI
FKDQJHVLQLQWHQVLW\DQGSDUWLDOSUHVVXUHLQWKHFRQWDFW]RQHRIWKHODVHUEHDPDQGWKHZRUNSLHFH)LJDQG)LJ
7KH KHDW DFFXPXODWLRQ LV DQ LVVXH IRU WKH SURFHVVLQJ RI PHVK VWUXFWXUHV DV VKRZQ LQ )LJ DQG )LJ 7KH
SURFHVVHGZHEV FDQ WUDQVSRUW OHVV KHDW RXW RI WKH FRQWDFW DUHD RI WKH ODVHU EHDP DQGZRUNSLHFH 7KHPDWHULDO LV
KHDWHGXSDQGVWDUWVWRPHOWRUOHDGVWRKHDWUHODWHGGHIRUPDWLRQVDQGILQDOO\WRIDLOXUHIURPWKHFHQWUHRIWKHPHVK
VHH )LJ% 7KH TXDOLW\ RI WKHPHVK DQG DFFRUGLQJO\ WKHZHE ZLGWK DFFXUDF\ FDQ EH UHGXFHG E\ ORZHU SXOVH
RYHUODSVDQGDVKRUWHUGLVWDQFHEHWZHHQWKHVFDQQLQJOLQHVVHHDOVR)LJ)RUWKHODWWHUWZRGLIIHUHQWDVSHFWVKDYH
WREHFRQVLGHUHG$ELJJHUGLVWDQFHEHWZHHQWKHVFDQQLQJOLQHVUHVXOWVLQDORZHUFRQFHQWUDWLRQRIHQHUJ\LQWKHDUHD
RIWKHZHEZKLFKVKRXOGUHVXOWLQDEHWWHUPHVKTXDOLW\7KLVFRXOGQRWEHREVHUYHGVRWKDWDWHPSHUDWXUHULVHPLJKW
QRWEHWKHGRPLQDQWIDFWRU,QVWHDGWKHIRUPDWLRQRIQHZVXUIDFHVGXULQJODVHUDEODWLRQKDVWREHFRQVLGHUHG7KH
IRFXVGLDPHWHURIWKHODVHUEHDPLVPEXWWKHELJJHUVFDQQLQJOLQHGLVWDQFHLVPVRWKDWWKHODVHUDEODWLRQ
UHVXOWVPRUHLQDURXJKLQJSURFHVV7KHDPRXQWRIPDWHULDOWKDWKDVWREHUHPRYHGLVELJJHUIRUWKHELJJHUVFDQQLQJ
OLQHGLVWDQFHV7KHVPDOOHUGLVWDQFHRI WKHVFDQQLQJOLQHOV PLVPRUHFRPSDUDEOHZLWKDILQLVKLQJSURFHVV
UHVXOWLQJLQDEHWWHUPHVKZLGWKDFFXUDF\EHFDXVHQRWDVPXFKQHZVXUIDFHKDVWREHIRUPHG
)LJ)LJDQG)LJDOVRLQGLFDWHWKDWORZHUUHSHWLWLRQUDWHVLQFRPELQDWLRQZLWKUHODWLYHKLJKDYHUDJHSRZHUV
DQG FRQVHTXHQWO\ ORZHU SXOVH RYHUODSV UHGXFH WKHKHDWLQJ LQ WKHPDWHULDO(VSHFLDOO\ KLJKHUSXOVHRYHUODSVZLWK
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KLJKHU UHSHWLWLRQ UDWHV FDXVHPHVK IDLOXUH ZKLFK LV VKRZQ LQ )LJ& IRUP : DQG frep N+] 7KXV WKH
UHVXOWVVKRZWKDW ORZHU ODVHUSDUDPHWHUV P :DQG frep N+]ZLWKDSXOVHGXUDWLRQRI tp QV OHDG WR
VPDOOHUDPRXQWVRIUHFDVWOD\HUDQGILQDOO\WRDEHWWHUPHVKTXDOLW\
&RQFOXVLRQ
)URP WKH SUHVHQWHG UHVHDUFK LW FDQ EH GHULYHG WKDW ORZHU SXOVH RYHUODSV DQG VPDOOHU GLVWDQFHV EHWZHHQ WKH
VFDQQLQJOLQHVSRVLWLYHO\LQIOXHQFHWKHZHEZLGWKDFFXUDF\DQGILQDOO\OHDGWRDEHWWHUPHVKVWUXFWXUH
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